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MECHANICAL SHEAR BASED SYNTHESIS OF 
ALUMOXANE NANOPARTICLES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. provisional patent application Serial Number 
60/401,535, filed August 7, 2002, which is incorporated herein by reference in its entirety. The 
teachings of U.S. Patents Nos. 6,369,183 Bl, filed August 13, 1998 and entitled "Method and 
Materials for Fabrication of Alumoxane Polymers," and 6,322,890 Bl, filed March 26, 1999 and 
entitled "Supra-Molecular Alkylalumoxanes," are also incorporated by reference herein in their 
entireties. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0002] This invention was made with partial support under NSF/SBIR-STTR Award # DMI- 
0128081 awarded to ISOTRON. The US government has certain rights in the invention. 

FIELD OF THE INVENTION 
[0003] The present invention relates to a method for quickly and effectively making alumoxane 
nanoparticles, preferably alumina nanoparticles with surface functionalization based upon an 
organic carboxylic acid. The present technique makes possible the manufacture of carboxylate- 
alumoxane nanoparticles without requiring solvents, carrier liquids, extensive mixing times or 
elevated temperatures. In particular, the present invention combines a process for production of 
carboxylate-alumoxane nanoparticle production with the use those particles, thereby enabling 
many applications for which- carboxylate-alumoxane nanoparticles were heretofore impossible or 
impractical. Such applications include coatings and related polymer compositions. 

BACKGROUND OF THE INVENTION 
[0004] Carboxylate alumoxanes, also known as carboxylato alumoxanes, are inorganic-organic 
hybrid materials that contain a boehmite-like ([A10(OH)] n ) aluminum oxygen core (Figure 1), to 
whose surfaces are attached covalently bound carboxylate groups (i.e., RC02~, where R = alkyl or 
aryl group) (Figure 2). The carboxylate groups are tethered to the aluminum-oxygen surface 
through bidentate bonding of the carboxylate group to two aluminum atoms on the surface of the 



boehmite particle. The properties and processability of the carboxylate alumoxanes are strongly 
dependent on the nature and size of the attached organic groups. 

[0005] Until recently, carboxylate alumoxanes were not ideal as processable precursors because 
they were relatively difficult to prepare. New synthetic routes, including aqueous based 
techniques, have been discovered which have reduced the high cost of preparing the carboxylate 
alumoxanes. 

[0006] Although there can be significant advantages to the synthesis of carboxylate alumoxanes 
via the sol-gel route (such as preparation of small particles size and good homogeneity), however, 
a number of significant difficulties remain. For example, while the reaction of boehmite with a 
carboxylic acid can be carried out in either water or a variety of organic solvents (including, but 
not limited to toluene and xylene), it is preferable to use water as the solvent so as to minimize the 
production of environmentally problematic waste. In a typical reaction, the carboxylic acids are 
added to boehmite or pseudoboehmite particles, the mixture is heated to reflux at temperatures as 
high as 100°C for a period of time, often greater than 24 hours. The water is removed and the 
resulting solids are collected. As can be appreciated, this process may generate excessive waste, is 
time consuming, and requires elevated reaction temperatures, and typically must be performed on a 
batch process. 

[0007] It is desirable, therefore to identify materials and processes that can be continuously used to 
prepare carboxylate alumoxanes using lower reaction temperatures and shorter reaction times. The 
process would preferably lend itself to the fabrication of a wide range of carboxylate alumoxanes 
with fine control over composition and particle size. The present invention provides a method of 
making carboxylate alumoxanes that provides these benefits and avoids many of the problems of 
prior art processes. 

SUMMARY OF THE INVENTION 
[0008] The present invention relates to methods and apparatus that can be used to prepare 

carboxylate alumoxanes. In a preferred embodiment, solid carboxylic acid and solid boehmite 

particles are mixed and subjected to shear. Even in the absence of a carrier or solvent, a reaction 

occurs that results in the formation of carboxylate-alumoxanes. The shear forces may be on the 

order of one N m and heat may optionally be applied to the reactants. 

[0009] These and other embodiments , of the present invention, as well as their features and 
advantages, will become apparent with reference to the following detailed description. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] A better understanding of the present invention can be obtained when the following 
detailed description of the preferred embodiment is considered in conjunction with the following 
drawings, in which: 

[0011] Figure 1 is a schematic diagram showing a postulated structure for an aluminum-oxygen 
core structure analogous to that found in the mineral boehmite, [Al(0)(OH)] n ; 
[0012] Figure 2 is a schematic diagram showing how a carboxylate anion, RC0 2 ", is an 
isoelectronic and structural analog of the organic portion found in the siloxy-alumoxanes and is 
known to act as a bridging ligand across two aluminum centers; 

[0013] Figure 3 is several schematic diagrams showing a representative sample of carboxylic acids 
suitable for reaction with boehmite or pseudoboehmite 

[0014] Figure 4 is a schematic diagram showing a representation of the reaction of boehmite with 
carboxylic acids; and 

[0015] Figure 5 is an Exemplary plot of calculated torque vs. reaction time for a batch reaction 
carried out in accordance with the principles of the present invention. 

NOTATION AND NOMENCLATURE 
[0016] In the following discussion and in the claims, the terms "including" and "comprising" are 
used in an open-ended fashion, and thus should be interpreted to mean "including, but not limited 
to...." In addition, the term "nanoparticle" is intended to encompass particles having an average 
diameter of less than 200 nm, and more preferably less than 20 nm. The terms "nanosol" or 
"nanosolution" may be used interchangeably and describe a uniformly dispersed solution 
containing boehmite particles. Also, the size distribution of a quantity of particles is given in terms 
of standard deviation or particle size range. As used herein, a "narrow size distribution" is one in 
which the particle size range is ± 20% of the average size. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0017] The present invention comprises a method and apparatus in which boehmite and a 
carboxylic acid . are reacted in a high shear mixing environment to produce carboxylate 
alumoxanes. 
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[0018] In a preferred embodiment, a mixture of boehmite or pseudoboehmite and a desired 
carboxylic acid is formed in a shear flow apparatus. The mixture can be a mixture of solid 
particles that is substantially free of liquid, can contain some amount of liquid, or can be a slurry 
comprising solid particles in a liquid. If liquid-containing slurry is used, the liquid can be simply a 
carrier liquid or can be any liquid in which the carboxylic acid is soluble, including but not limited 
to water, toluene, and aromatic solvents such as polyethers or glycol solvents. 
[0019] The carboxylic acid can be any monocarboxylic acid. The carboxylic acid can be aromatic 
or aliphatic, and can contain hetero-atom functional atoms such as nitrogen, oxygen, sulfur, etc., or 
hetero-atom functional groups such as amines, hydroxyls, acrylics, etc. A representative sample of 
suitable carboxylic acids is shown in Figure 3. 

[0020] The solubility of the carboxylate alumoxanes in a given solvent is dependent primarily on 
the identity of the carboxylic acid residue, which is almost unrestricted according to the present 
invention, providing it contains a reactive substituent that reacts with the desired co-reactants. The 
solubilities of the carboxylate-alumoxanes are therefore readily controllable, so as to make them 
compatible with any desired co-reactants. 

[00211 The boehmite (or pseudoboehmite) source can be a commercial boehmite product such as 
Catapal (A, B, C, D, or FI, Condea-Vista Chemical Company), boehmite prepared by the 
precipitation of aluminum nitrate with ammonium hydroxide and then hydrothermally treated at 
200°C for 24 hours, or boehmite prepared by the hydrolysis of aluminum trialkoxides followed by 
hydrothermal treatment at 200°C. Preferred methods for the preparation of the pseudoboehmite or 
boehmite particles are those that produce particle sizes of the carboxylate alumoxanes below 1,000 
nni and more preferably below 100 nm. 

[0022] According to the present invention, the mixture of boehmite and carboxylic acid particles is 
subjected to high shear stresses and, preferably, elevated temperature that cause the boehmite to 
react with the carboxylic acid to enhance the formation of carboxylated alumoxane particles, as 
shown in Figure 4. In Figure 4, the shaded triangles represent a side view of boehmite and the 
carboxylate groups are represented by a semicircle and bar. The reaction shown in Figure 4 may 
be a condensation reaction, wherein, for example, the carboxylic acids react with the boehmite 
structure, producing water as a bi-product. One embodiment of the invention entails blending the 
boehmite and carboxylic acid particles in a high-shear mixer. High shear mixers are known in the 
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art and are commercially available. Such mixers are available as batch mixers or as in-line mixers 
and can be configured to process either mixtures of solid particles or liquid-based slurries, or both. 
[0023] In embodiments in which liquid slurry is used, another apparatus that has been found to be 
effective for achieving the desired reactions comprises a small diameter tube, preferably having a 
predetermined length. The diameter of tube is preferably small enough and the viscosity and rate 
of flow of the slurry are such that particles in the slurry undergo high shear as they pass through the 
tube. 

[0024] In some embodiments, the shearing apparatus may include a rotor/stator device or other 
mechanical shearing means including the addition of conventional materials that help with the 
exfoliation of the boehmite by increasing the viscosity of the slurry. For example, a ceramic 
medium in the range of 5 to 1,000 microns can be used. Examples include ceramic microspheres, 
micaceous iron oxide, mica, and so forth. 

[0025] As an example of a liquid/solid phase reaction, it has been found that a premixed slurry, or 
nanosol, of boehmite particles having an average size in the range of microns and carried in a 
liquid comprising 70-97 wt. % of water and 3-30 wt. % of a carboxylic acid, when fed through the 
small diameter tube at a rate in the range of one tube volume per minute, is converted into 
carboxylate alumoxane nanoparticles after making a single pass in the pipe. In a preferred 
embodiment, high shear is realized at velocities above about 1,000 ft/min, more preferably above 
about 5,000 ft/min, and more preferably in the range of 7,000 - 9,000 ft/min. A preferred flow rate 
has been found to be between 5,000 and 9,000 ft/min. 

[0026] In some embodiments, the processing system may further include a heat source. The heat 
source may comprise any external heat mechanism including, but not limited to an electric heater. 
Alternatively, at least a portion of the heat source can result from the mechanical energy that is 
applied via the mechanical shearing means. 

[0027] In a preferred embodiment, the apparatus comprises a rheometer or rheomixer, such as are 
commercially available from various companies, including Thermo Haake, Thermo Electron 
(Karlsruhe) GmbH, Dieselstrasse 4, Karlsruhe, BW 76227, Germany. As can be appreciated, 
rheometers or rheomixers have internal mixing chambers in which high shear stresses are created, 
thereby exposing the agglomerates in a mixture to shear forces that will tend to break up the 
agglomerates. The mixing is generally achieved via blades. Heaters may be present to keep the 
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mixture at a predetermined viscosity/rheology. The "Examples" section below details samples 
prepared using a Haake Rheomixer 600 instrument having roller-style blades or rotors. 
[0028] Carboxylate alumoxane nanoparticles formed using the present method have an average 
diameter of less than 200 nm, and more preferably less than 20 nm. Furthermore, the nanoparticles 
exhibit a narrow particle size distribution, wherein any individual particle size typically is ± 20% 
of the average nanoparticle size. 

[00291 The present inventors have discovered that the application of shear, and in some instances 
the combination of high shear and a high viscosity nanosol mixture, greatly accelerates the 
formation of carboxylate alumoxane nanoparticles and results in a composition in which the 
boehmite is quickly exfoliated to yield a composition having a narrow particle size distribution. 
Without wishing to be bound by any particular theory, it is believed that the cleavage of the 
boehmite is accomplished by shear forces applied to the particles as they pass through the shear 
mixer, or by a combination of shear forces and heat. As described above, at least a portion of the 
heat may result from the mechanical energy that is applied, during shearing. The heat may drive 
the reaction between the boehmite and the carboxylate groups. The shear may promote the 
physical interaction between the boehmite and the carboxylate groups, effectively exposing 
reaction sites of the two reactants. 

[0030] The present technique can achieve in minutes a particle size reduction that requires more 
than 24 hours using the conventional technique. Because the formation of carboxylate alumoxane 
nanoparticles can now be achieved very quickly, the process can readily be carried out in a 
continuous mode. 
Examples 

[0031] A Haake Rheomixer 600 instrument was used for all experiments. The miniaturized 
internal mixer (MIM) was developed for formulating multi-component polymer systems and 
studying flow behavior, thermal sensitivity, and shear sensitivity. Since torque is proportional to 
shear stress and rpm to shear rate, shear sensitivity, viscosity and the energy required to process a 
material can be obtained. The Rheomixer consists of three independent sections, each heated and 
controlled by its own heater and temperature controller. The mixing chamber is shaped like a 
figure eight, with a rotor in each chamber. The mixing rotors revolve in opposite directions and at 
different controlled speeds, to achieve shear action. MMs have two characteristic geometric 
features; they have a narrow a gap between the rotor wings and the mixer wall and a larger space 
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between the rotors. The rotors rotate typically at a relative speed of 3:2; the left rotor rotates 
clockwise while the right one counter clockwise in order to affect a shearing action on the mixture. 
The mixture is sheared repeatedly through the narrow gap and recycled to the core of the mixture 
between the rotors. The rotors themselves have helical projections that perform additional axial 
mixing by moving the mixture around the rotor and towards the center. Extensive mixing takes 
place exclusively in the core of the mixture while dispersion occurs in the vicinity of the narrow 
gap under the rotor wing, in which high shear stresses are created exposing the agglomerates to 
hydrodynamic forces that will tend to break up the agglomerates. It will be understood that the 
foregoing equipment is exemplary only and that other mix or shearing equipment could be used. 
[0032] The Haake Rheomixer 600 instrument was preset with the following settings prior to 
mixing carboxylic acid and boehmite: (1) the heaters were allowed to reach the desired 
temperature; and (2) after the heaters were set, the roller-style rotors were brought to the desired 
speed or rate per minute (rpm). 

[0033] A sample of a carboxylic acid (L-lysine (14 g)) and boehmite (6.0 g) was then added to the 
rheomixer. In each case, the experiment was allowed to run for 120 minutes. In many instances, 
however, it appeared that the reaction had reached completion well before the end of the 120 
minute period. Completion of the reaction was indicated by a significant drop in both torque and 
temperature. Because torque is proportional to shear stress and rpm is proportional to shear rate, 
shear sensitivity, viscosity and the energy required to process the material could be calculated. 
Accordingly, the "time to complete" was determined from the calculated torque versus reaction 
time plot. Figure 5 is an exemplary plot and corresponds to Example C. 

[0034] After 120 minutes, the sample was extracted into water and any unreacted boehmite was 
separated. The solution was then pumped dry or the product precipitated with ethanol. The 
resulting white solid was air-dried. This sample preparation was repeated a number of times to 
yield the data in Table 1, with each of the samples having essentially the same initial reactants. 
Referring to Table 1, particle size measurements were obtained on a Coulter N4 Plus Particle Size 
Analyzer at an angle of 90° and a concentration of 1.0 g.L -1 . The water used for dispersing the 
alumoxanes was distilled and filtered (using a 0.2 jam filter) prior to use. 
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Table 1 



Dim 

ix Li 11 


Temp 
(°C) 


.Rpm 


Average Size 
(nm) 


Time to Complete 
(min) 


A 


60 


60 


1684 


> 120 


B 


70 


60 


200 


>120 


C 


80 


60 


3.2 


43 


D 


90 


60 


1.92 


0.7 


F 


110 


60 


2.02 


38 


H 


130 


60 


1.54 


12 


I 


110 


70 


1.13 


11 


J 


110 


80 


1.48 


40 



[0035] Referring to Table 1, it is believed that the combination of increasing temperature and 
increasing shear rate generally leads to smaller particle size. For example, at temperatures of 80°C 
and above, the average particle size decreases dramatically. Also, as shown in Examples I and J, 
the increase in shear rate (rpm) may aid in the production of smaller particles. In accordance with 
. the spirit of the present invention, temperature and shear conditions which produce particles having 
an average size of less than 100, more preferably less than 20, more preferably less than 50 nm and 
still more preferably less than 2 nm are preferred. Furthermore, in some embodiments, while any 
particle shape may be produced, particles having a generally round or oval shape are preferred. 
[0036] From the foregoing experiments, it was determined that, in order to achieve the desired 
rapid reaction, the torque applied by the mixer is preferably at least 1 N*m, more preferably at least 
2 N m, and still more preferably at least 3 Nm. Nonetheless, shear rates as low as 0.2 or 0.5 N-m 
may be sufficient, particularly if additives are used to enhance the reaction. If the shear rates 
greater than 1 N-m are combined with elevated temperatures of at least 60°C, more preferably at 
least 70°C, more preferably at least 80°C, more preferably at least 90°C, and still more preferably 
at least 100°C, the reaction time can be reduced to mere minutes. In accordance with the spirit of 
the present invention, temperature and shear conditions which produce desirable particles having a 
reaction time (time of completion) of less than 2 hours, more preferably less than 1 hour, more 
preferably less than 30 minutes and still more preferably less than 10 minutes are preferred. 
Uses 

[0037] One traditional approach to the use of nanoparticles in industrial applications is to 
manufacture and sell the nanoparticles as a "drop-in" additive. Because nanoparticles are not 
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created on-site, there is little flexibility in the conventional approach. The prior art processes are 
disadvantageous for commercial use because, as mentioned above, such a process poses a logistical 
problem, which in turn increases costs. 

[0038] The present method allows carboxylate-alumoxane nanoparticles to be generated in situ, 
using mixing equipment that is readily available in most coating manufacturing facilities. In many 
instances, unlike the prior art technique, the present technique avoids need to recover and wash the 
carboxylate-alumoxane nanoparticles. In addition, because the present method allows processing 
to take place in minutes or hours instead of days it is much better suited to use in conjunction with 
a commercial coating manufacturing facility or other commercial/industrial application, such as 
packaging film production units or adhesive manufacturing plants. 

[0039] It is expected that the present invention will have a broad and significant impact on the 
industrial coatings market; which includes interior linings, chemical resistant coatings, and rail car 
linings. One example of a potential use for carboxylate-alumoxane nanoparticles is a highly 
flexible and impermeable polyurea nanoparticle composite coating that is suitable for many 
applications; for example, on the many bridges that are protected with red-lead coatings. 
Overcoating with this polyurea-nanocomposite could extend service life without the prohibitively 
expensive removal of the old coating. 

[0040] Polyurea polymers offer many excellent protective coating properties, such as flexibility 
over a wide temperature range, adherence to most substrates, low stress to an "undercoat", 
allowing for its use as a restorative overcoat. In addition, they can bridge cracks, which is an 
important consideration in protecting concrete structures. Over the past decade polyureas have 
grown in popularity and are becoming one of the more promising of the modern coatings and 
sealants, but their permeability to oxygen and water vapor compromises their corrosion inhibition. 
[0041] The preferred function ligands have primary acid sites. In such cases, the carboxylate- 
alumoxane nanoparticles react with polyurea precursor molecules, i.e. the isocyanate species, to 
yield a polymer having enhanced resistance to oxygen and water diffusion and increased tensile 
strength. Suitable polyurea precursors for use in this embodiment include isophorone di- 
isocyanate (IPDL), methylene bis phenyl di-isocyanate (MDI), and toluene di-isocyanate (TDI). 
[0042] In one embodiment, the carboxylate-alumoxane nanoparticles are formed in a high-shear 
device that is upstream of a mixing device. In the mixing device, the newly-formed carboxylate- 
alumoxane nanoparticles are mixed with a desired second material. The second material can be a 
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coating, such as a paint or polymeric coating, a moldable composition, such as a polyurea, or an 
epoxy polymer. The ability to make carboxylate-alumoxane nanoparticles in a high shear mixing 
environment at their site of use will greatly simplify their use and application by unskilled 
operators. In addition, the ability to make carboxylate-alumoxane nanoparticles at point of use 
will simplify shipping and cut out one potential step of manufacturing, and thus cost of production 
of coatings or other articles prepared using the alumoxanes. 

[0043] The present apparatus for mixing the boehmite and the carboxylic acid can be either 
suitable for a chemical plant and have the potential for large scale continuous processing or as a 
hand helcL1)ack-pack style reactor for use by an individual. 

[0044] While the present invention has been disclosed and described in terms of the formation of 
carboxylated alumoxane particles in a solid phase or slurry reaction, it will be understood that the 
principles disclosed herein may be altered or modified with deviating from the scope of the 
invention. For example, shear could be applied via any suitable means. Accordingly, the scope of 
protection is not limited by the description set out above, but is limited only by the claims that 
follow, that scope including all equivalents of the subject matter of the claims. Each and every 
claim is incorporated into the specification as an embodiment of the present invention. Thus the 
claims are a further description and are an addition to the preferred embodiments of the present 
invention. Use of the term "optionally" with respect to any element of a claim is intended to mean 
that the subject element may or may not be present. Both alternatives are intended to be within the 
scope of the claim. 

[0045] Finally, the discussion of a reference in the Background is not an admission that it is prior 
art to the present invention, especially any reference that may have a publication date after the 
priority date of this application. 
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